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Abstract 
The quality of the implementation of waterproofing layer is an important element in the 
construction   of   road   bridge.   It   is   thus   necessary   to   monitor   the   implementation   of 
waterproofing layer during the construction (or rehabilitation) of the work. Traditional 
methods of mechanical survey are more and more replaced by infrared thermography. 
Thermal contrasts due to the presence of water or air under impermeable layer are easily 
detectable with an infrared camera. With the assistance of modeling, the optimum conditions 
for monitoring are visualized. The purpose of modeling was to fix the limits of a numerical 
inversion in order to characterize the nature of the defect. The last stage was the validation of 
the method on a site test of the Laboratoire Régional des Ponts et Chaussées (LRPC) in 
Autun. Heat flux and temperatures are measured at the surface of the waterproofing layer. An 
inverse analysis based on a frequency analysis method then makes it possible to characterize 
the nature of the defect.
Résumé 
La qualité de la mise en œuvre des chapes d’étanchéité est un élément prépondérant dans la 
construction de pont routier. Il est donc nécessaire de procéder à une vérification de la bonne 
mise en œuvre de la chape d’étanchéité au moment de la construction (ou de la réhabilitation) 
de l’ouvrage d’art. Les méthodes traditionnelles de sondage mécanique sont de plus en plus 
remplacées par l'auscultation par thermographie infrarouge. Les contrastes thermiques dus à la 
présence d'eau ou d'air sous la feuille d'étanchéité sont facilement détectables avec une 
caméra infrarouge. Avec l'aide de modélisations nous avons ensuite visualisé les conditions 
optimales d'auscultation. Les modélisations ont eu pour but de   fixer les limites d'une 
inversion numérique afin de remonter à la nature du défaut. La dernière étape a été la 
validation de la méthode sur un site test du LRPC d'Autun. Nous mesurons le flux et la 
température à la surface du complexe d'étanchéité. Une analyse inverse basée sur une 
méthode thermique fréquentielle permet alors de caractériser la nature du défaut.
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1 Introduction
A sound waterproofing layer can be represented by two layers :
_  an impermeable layer of known thickness.
_ concrete. 
If a defect in joining occurs, the model becomes a three layers :
_ impermeable layer.
_ defect.
_ concrete.
The defect induces a thermal resistance to penetration of heat. Water and air have  lower 
thermal conductivity and effusivity than concrete. The influence of this resistance results in a 
thermal answer at the surface of the waterproofing layer. This answer is different for a sound 
area and a defect area [1]. 
Moreover, the good thermal conductivity of the impermeable layer, its low thickness and 
its emissivity close to 1, are good parameters for the detection of the defect by thermal 
methods. In our studies, we consider three types of waterproof coatings. 
Fig 1. Two layers (sound area) and three layers (defect area) representations of a 
waterproofing layer  
 The presence of water under impermeable layer is often prejudicial for civil engineering 
works. It is generally with the origin of many disorders. And the presence of air under the 
impermeable layer can create pothole for example. So, these configurations (Fig.1) were used 
for our numerical modeling.
2 Thermal stress : Power and time
First, we must answer two questions ; What is the amplitude of the heat flux necessary to 
the detection of the defects ? How long do we have to heat the structure?
In agreement with the traditional features of the infrared cameras used on the ground, the 
defect will be regarded as detectable if a contrast of temperature between sound area and 
defect area equal to or higher than 0,5°C is observed. According to our modeling, it proves 
that 300 seconds with an intensity of 500 W/m ² is sufficient to reveal a defect equally of its 
nature (water or air). In most cases, solar radiation is sufficient (intensity and duration) to 
reveal a defect.NDTCE’09, Non-Destructive Testing in Civil Engineering
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Fig 2. IR detection of defects on waterproofing layer under solar radiation. 
The defects are thus easily detectable. The following stage is to characterize the nature of 
the defect (water or air). 
3 Frequency analysis
3.1 Theoretical aspects
In the frequential field, the method of the thermal quadripoles enables us to as follows 
represent a multi-layer medium with n homogeneous layers [2] as given follow :
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With i , o , i , o respectively transforms of Fourier of the input temperature, the 
temperature at the output, the input heat flux and the output heat flux, ek the layer thickness, 
ak thermal diffusivity, bk thermal effusivity of the layer k. =2f with f the frequency of 
analysis. 
From this model, if the thermal quantities at the input and the output are known, the 
thermophysical properties of various layers can be identified. The problem is that the thermal 
quantities at the output cannot be measured without destroying part of the work. In order to 
solve this problem, we introduce the concept of semi-infinite medium.
3.2 Study of a semi-infinite medium
A medium is regarded as semi-infinite according to its intrinsic thermophysical properties 
and of the frequency of the thermal energy injected into the medium. In our case of study, it is 
obvious that throughout test (900 s) heat does not cross the bridge deck. The consequence of 
this is that we can introduce the concept of thermal impedance in order not to take into 
account output quantities [3].
Zo=
o
o
(2)
With Zo, output thermal impedance of the medium. In the case of a semi-infinite medium, 
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Zo=
1
bco j
(3)
bco represents the effusivity of the concrete. 
This simplification will enable us to propose an analytical writing of the input impedance 
of the system by considering the case of a sound area and the case of a defect area.
3.3 Inverse analysis
Here, inverse analysis consists of characterizing the thermophysical properties of the 
defect. Input thermal quantities are measured with thermocouples and fluxmeters. The 
thermal stress on the surface of the medium is controlled. A heat flux step of 900s is injected 
into the medium. The medium made up of multi-layers (Fig.3) is more complex than the one 
described previously. Indeed, with frequency analysis about 1.10
-3 Hz, the disturbance of the 
sensor on the studied medium cannot be neglected. It results in the influence of thermal 
resistance and the heat capacity of the sensor and a contact resistance.
Fig.3 Multi layers representation of waterproofing layer during the monitoring of  the 
structure
Which are the unknown parameters of our system? The properties of the sensors are 
known. The resistance of contact is considered low because of the good adherence between 
the sensor and the medium.  The thermophysical properties  and the thickness of the 
impermeable layer are known because they were identified beforehand in laboratory. Thus the 
unknown parameters are the thermophysical properties of the defect and the thermal effusivity 
of the concrete. The unknown parameters are identified in two ways. Initially the effusivity of 
the concrete is identified on a sound area (Eq.4). Then we characterize missing parameters, 
thermophysical properties of the defect and its thickness (Eq.5). In this optimization the 
quantity which interest us more is the effusivity of the defect. It is very different according to 
nature of the defect and varies according to its water content (the more the water content 
increases, the more the effusivity increases). Optimization is carried out on the basis of 
simplex algorithm. 
Analytically, the impedances of the healthy and pathogenic media considered in the 
inversion exclaim as follows:
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With Zih input thermal impedance of sound area, Zid input thermal impedance of defect 
area, bm effusivity of the impermeable layer and bd effusivity of the defect. Terms i and i 
represent the matric quantities (Eq.1) for the impermeable layer and the defect. Rf and Cf 
represent the disturbance of the sensor and  Rc the contact resistance.
1=coshem
am
j , 1=sinhem
am
j (6)
2=coshed 
ad
j , 2=sinhed
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j (7)
1=bd12bm12 , 2=bm12bd12 (8)
3=bm12bd 22 , 4=bd12bm21 (9)
2=RcR f , 3=C f , 4=C f Rc1    (10)
3.4 Results and discuss
Table 1 presents the results of optimization on a test site. In the first case, the defect was 
known, i.e. air defect. In the second case was a blind test. Both defect are under the same 
impermeable   layer.   The  effusivity  of   the  concrete  is  identified   for  a  value  of  1650 
J.K
-1.m
-2.s
-1/2
Table 1. Optimizations results
Defect nature Max Contrast Temp.
(°C)
Computed effusivity 
(J.K
-1.m
-2.s
-1/2)
Computed thickness 
(mm)
air 12,9 15 1
unknown  10,7 620 0,3
The thermal effusivity of the air saturated is 6 J.K
-1.m
-2.s
-1/2 whereas that of water is 1580 
J.K
-1.m
-2.s
-1/2. In the first case, we  well notes that our optimization leads us to conclude that 
the defect is of air type. The thickness of the defect is very near to the traditional defect of 
joining on waterproofing layer. We cannot unfortunately know the exact thickness of the 
defect because of its variations since the construction of waterproofing layer.
In the case of the blind test, we found a value of effusivity of 620 J.K
-1.m
-2.s
-1/2. This one 
approaches a dry sand (550 J.K
-1.m
-2.s
-1/2). The thickness seems to be very weak and not very 
realistic. After comparison with the plans of construction of thewaterproofing layer for the 
test site, it proves that sand cylinders were indeed placed at the indicated monitoring area. 
The method thus proves reliable to characterize the nature of the defects however some 
uncertainty concerning optimization on the thickness of the defect, which does not answer 
inevitably the case of monodimensional multi-layer.
The method does not make it possible either to characterize thermal diffusivity precisely. It 
is too fluctuating in optimizations and of restrictions must be applied to our numerical model 
in order to keep a physical direction of our optimizations.  
4 Conclusions 
It is important to carry out a monitoring of waterproofing layers. Infrared thermography is 
a technique well adapted to the detection of  defects. The characterization of the defect itself 
is a delicate step. By having access to only one face of structure, the concept of impedance 
thermal   on   multi-layer   materials   partly   enables   us   to   answer   the   problem.   If   the NDTCE’09, Non-Destructive Testing in Civil Engineering
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thermophysical identification of the properties of the materials is not very accurate, it may be 
possible to indicate the nature of the defect with a good accuracy. 
In our current works, we develop, by coupling several NDT methods to identify defects on 
protective layers, for example, bitumen over impermeable layer. 
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